A novel method for building a 4D statistical atlas describing the cardiac anatomy and how the cardiac anatomy changes during the cardiac cycle is presented. The method separates the distribution space of the cardiac shapes into two subspaces. One distribution accounts for changes in cardiac shape caused by inter-subject variability. The second distribution subspace accounts for changes in the cardiac shape caused by deformation during the cardiac cycle. During the construction of the atlas we eliminate the need for manual landmarking of the cardiac images by using a non-rigid registration algorithm to propagate a set of pseudo-landmarks from an automated landmarked atlas to each frame of all the sequences. We show how the statistical model can be used to differentiate between cardiac images sequences from subjects with hypertrophic cardiomyopathy and normal subjects.
Segmentation of cardiac MR image sequences.
The method developed by Valdes et al. is used [2] . The image sequences are segmented into three anatomical regions: left ventricle, myocardium and right ventricle.
Mapping the image sequences to the same spatio-temporal coordinate system
A method similar to the one presented in [1] is used. The method uses a 4D mapping which is decoupled into temporal and spatial components. The spatial transformation is an affine one correcting global shape differences. The temporal transformation is a free-form deformation correcting differences in the dynamic properties of the hearts.
Building the statistical atlas of the heart.
The obtained transformations are used to transform the segmented images sequences. The transformed segmented image sequences are blurred with a Gaussian kernel.
Landmark extraction and propagation.
The marching cubes algorithm is used to generate a dense triangulation (pseudo-landmarks) of the boundary surfaces of each anatomical structure of all the frames of each image sequence. Then, a non-rigid surface based registration algorithm is used to establish correspondence between the anatomical landmarks.
Modelling shape variability
We have n shapes (n p subjects with n f frames each):
The aim of the statistical analysis is to approximate the distribution of the landmarks with a linear model:
Separating the space of the cardiac shape distribution
The covariance matrix for the total shape distribution is given by:
The covariance matrix of the shape differences occurring due to the cardiac cycle is given by:
The covariance matrix of the shape differences occurring across the population is given by: 
Classification using the 4D statistical atlas
The same processing steps for the registration and pseudo-landmark extraction and propagation are used as before. The mean surface is calculated for each image sequence. These mean surfaces are projected into the shape space of the two statistical models. Finally, a k-weighted NN-classifier is used to classify the image sequences.
Data
• Atlas:
• 26 untagged MR image sequences were used. The sequences were acquired on a Siemens Sonata 1.5T scanner using a TrueFisp sequence. One image sequence was selected to be the reference subject for the spatio-temporal registrations.
• Classification:
• 8 image sequences from patients with hypertrophic cardiomyopathy were used. Furthermore, 6 image sequences from normal subjects. 
Conclusions
• An statistical atlas describing the cardiac anatomy and how the cardiac anatomy changes during the cardiac cycle has been constructed.
• The method separates the distribution space into two subspaces. The first describes intra-subject shape variability and the second inter-subject shape variability.
• We have demonstrated a possible use of the atlases by using them to differentiate between cardiac image sequences from patients with hypertrophic cardiomyopathy and normal subjects.
